INTRODUCTION
Long-term follow-up of the increasing number of children born following assisted reproductive techniques (ART) is important. ART is associated with perinatal adversities, [52] [53] [54] [55] [56] yet, ART does not seem to affect cognitive and behavioural development during the first postnatal years. 89 However, children may grow into developmental deficits since it takes time for developmental disorders to emerge. 90 Various ART-related factors could potentially interfere with development, such as ovarian hyperstimulation, 171 the in vitro procedures, 31 the underlying subfertility 59-62 and parental characteristics. 7, 57, 58 Results of long-term studies on cognitive and behavioural development in ART children vary, partly due to difficulties in distinguishing relationships between ART and underlying characteristics of subfertility, parents and child. Cognitive and behavioural outcome of ART children has been reported as similar, 82, 108, 109, 111, 213 to worse 86, 97, 104, [113] [114] [115] 126, 214 or better 107,112 than that of naturally conceived children.
In order to investigate the influence of specific factors involving assisted conception on cognitive and behavioural outcome, we composed the Groningen ART cohort. The cohort consists of three groups of singletons born to subfertile couples following conventional controlled ovarian hyperstimulation in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) (COH-IVF), modified natural cycle IVF/ICSI (MNC-IVF) and natural conception (Sub-NC). 135 We previously reported no differences in neurological, cognitive and behavioural outcome between the groups up to age 4. 140, 141, 172, 215 However, at 2 and 4 years, time to pregnancy (TTP) was associated with a less optimal neurological condition. 191, 216 Additionally, at 2 years the cohort children had higher scores on anxious-depressed behaviour than children in a reference group with fertile parents. 140, 141, 172, 215 This suggests that rather subfertility than ART components affect neurodevelopment. At 4 years we applied a causal inference approach to evaluate factors affecting cardiometabolic outcome. It indicated direct positive effects of COH-IVF and not of MNC-IVF on systolic blood pressure percentiles and subscapular skinfold thickness, suggesting that ovarian hyperstimulation was involved in worse cardiometabolic outcome in our 4-year-old IVF singletons. 217 In analogy, the primary aim of the present study is to explore the underlying causal relationships between ovarian hyperstimulation, the in vitro procedure and the combination of both and cognition and behaviour in 4-year-old singletons. Secondly, we aim to explore the underlying causal relationships between several aspects of subfertility and cognition and behaviour. We addressed the contribution of a) the presence of a history of subfertility by including a reference group of 4-year-old singletons born to fertile parents, and b) the duration of subfertility in terms of TTP, as a proxy for the severity of subfertility. We have chosen cognitive outcome as our primary outcome parameter as cognition has a stronger neurobiological basis than behaviour. 190, 218 
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MATERIAL AND METHODS
Participants
Couples who achieved a singleton pregnancy following IVF/ICSI with a term date between March 2005 and December 2006 were recruited at the Department of Reproductive Medicine of the University Medical Center Groningen (UMCG) and were invited for participation during their third trimester. 141 This resulted in two groups of children born following controlled ovarian hyperstimulation IVF/ICSI (COH-IVF) and born following modified natural cycle IVF/ICSI (MNC-IVF). 136, 137 Couples treated with donated oocytes or cryopreserved embryos were excluded. A third group was formed by naturally conceived children born to subfertile couples (Sub-NC) who had tried to conceive for at least one year.
A new retrospective reference group was recruited between December 2009 and February 2012 at six local child welfare centres. Parents of 4-year-old singletons who visited these centres for routine general health care were invited to participate. Couples who had tried to achieve pregnancy for more than one year or achieved pregnancy by any form of assisted conception were excluded.
Setting
Prenatal, perinatal and demographic information was collected two weeks postterm. 135 Information on the causes and treatment of infertility was retrieved from medical records.
The follow-up assessments were carried out by trained assessors supervised by a neurodevelopmental expert (M.H.-A.), who were blind to the mode of conception. Blinding was not possible for the reference group, as this group was recruited separately from the subfertile groups. The assessments were carried out between February 2009 and February 2012 at the UMCG.
Measurements
Cognitive development
Cognitive development was evaluated using the Kaufman Assessment Battery for Children, second edition (K-ABC-II). 166 This standardized instrument measures cognitive and processing abilities in children aged 3 to 18 years. Outcome is expressed in a total intelligence quotient (IQ) score and four IQ scale scores. In the present paper only the total IQ score is used. Raw test scores are normalized into global scores (mean: 100, standard deviation [SD]: 15). Reliability and validity of the K-ABC-II are good. 166 The original American norms were applied as Dutch norms are lacking.
Behavioural development
Behavioural development was evaluated using the validated Dutch version of the Child Behavior Checklist (CBCL). 167, 168 The CBCL is a parental questionnaire to identify emotional and behavioural problems in 1.5 to 5-year-olds, classified into problem scales, such as anxious/depressed and attention problems. The sum of all questions results in the total problem scale score. Raw test scores are normalized into T-scores (mean: 50, SD: 10). Higher T-scores represent more problematic behaviour. The reliability and validity of the CBCL are good. 167
Statistical analysis
Fisher's exact tests, Mann-Whitney U-tests or Student's t-tests were performed to investigate differences between groups using the IBM Statistical Package for the Social Sciences (SPSS), version 20. P-values < 5% were considered statistically significant.
Two separate sets of explorative analyses -each consisting of a dozen of explorationsusing causal inference search algorithms were performed: one focusing on ART treatment effects (ovarian hyperstimulation; the in vitro procedure; combination of both), the other focusing on subfertility effects (presence and severity of subfertility, recorded as TTP in halfyears) on developmental outcome, while taking into account causal relations of these factors and other parental and child aspects.
Causal inference search algorithms result in (classes of) causal models that are found to be compatible with the data, based on the theory of causal graphs. 219,220 A causal model consists of a model and a graph, in which the latter describes the causal relation between the variables and consists of vertices (the variables), connected by edges, which can be oriented by arrows. 219 An oriented edge represents a direct causal effect between the two connecting vertices. 221 We applied Conservative Peter-Clark (CPC), Greedy Equivalency Search (GES) and Conservative Fast Causal Inference (CFCI) algorithms. 217 The algorithms differ in search approach and data assumptions and use particular thresholds (GES algorithm, penalty discounts: 0.4 to 2; CPC and CFCI algorithm, alpha values: 0.05 to 0.4) of announcing a certain effect significant. 222 All search algorithms were applied while taking into account background knowledge which was logically dictated by time constraints. The resulting graphs per se represent an observationally equivalent class of causal models, i.e. other graphs from that class are equally likely to have generated the data. 217 Model fit was calculated and compared between the found classes of models, by choosing one directed acyclic graph, representing such a class. We used the X 2 test, X 2 /degrees of freedom (df) and the Bayesian information criterion (BIC) to compare models. 223 Additionally, structural equation modelling was applied to a graph that represents one of the better fitted classes of models to estimate effect sizes. 223, 224 By comparing the various graphs resulting from the performed search algorithms, the most prominent and consistent direct effects could be distinguished. Additionally, effects that are consistently not found can be considered an indication of the absence of a causal effect. 220 The explorative analyses were performed using the freeware program TETRAD, version 403.10-6 225 and the sem library in R, version 2.15.0. 226
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Ethical approval
The Medical Ethical Commission of the UMCG approved the study design. Parents provided written informed consent for study participation of their child. 
RESULTS
Ovarian hyperstimulation and the in vitro procedure: the three subfertile groups Participation and demographic characteristics
During the prenatal period, 89 COH-IVF children, 79 MNC-IVF children and 143 Sub-NC children were eligible for participation of which respectively 68 (76%), 57 (72%) and 90 (93%) children were included in the study. 135 Generally, social, obstetrical and neonatal characteristics of participants and non-participants were similar, except for a lower maternal age in non-participating Sub-NC mothers compared to participating Sub-NC mothers (P = 0.030). 135 At 4 years, 5 (7%) COH-IVF children, 4 (7%) MNC-IVF children and 11 (12%) Sub-NC children were lost to follow-up (total postnatal attrition rate 9.3%, Figure I ). One MNC-IVF girl died at 3 weeks after birth because of a congenital heart disorder. Intra-group characteristics for participants and non-participants were similar, except for a longer TTP in participating MNCparents compared to non-participating MNC-parents (P = 0.021). The demographic characteristics of the three groups are listed in Table I .
Cognitive and behavioural development
Two Sub-NC children had missing data on the K-ABC-II. Eventually, data of 193 children (63 COH-IVF, 53 MNC-IVF and 77 Sub-NC) were analysed. The majority of children had total IQ scores within the normal range, except for two COH-IVF children (IQ: 82 and 79) and two MNC-IVF children (IQ: 79 and 77). The mean total IQ scores of the three ART study groups are listed in Table II. One COH-IVF, one MNC-IVF and one Sub-NC child had missing data on the CBCL. Eventually, data of 192 children (62 COH-IVF, 52 MNC-IVF and 78 Sub-NC) were analysed. The majority of children of the ART study groups had total problem T-scores within the normal range, except for two COH-IVF children and 4 Sub-NC children. The mean total problem Tscores of the three ART study groups are listed in Table II .
Causal inference approach
The causal graph that had the best model fit was the causal model found as a result of running the GES algorithm with a penalty discount of 0.5 (X 2 = 98.5, df=94, P = 0.356, X 2 /df= 1.048, BIC-score= -389.1). This model indicated the absence of direct effects of COH-IVF or IVF on cognitive or behavioural outcome given the other variables in the model. A direct effect of COH-IVF or IVF was also absent in causal graphs resulting from other searches (data not provided). 
Fertility parameters
Time to pregnancy in years d,e , median (range) 4.0 (0.0 -13.5) *** 4.0 (0.5 -13.5) *** 2.5 (0.5 -11.5) ***/*** 3.5 (0.0 -13.5) *** 0.5 (0.5 -1.0) *** 
Presence and severity of subfertility: inclusion of the fertile reference group Participation and demographic characteristics
Parents of 215 eligible singleton reference children were invited to participate in the present follow-up study. Ninety-eight (46%) parents allowed their child to participate in the reference group. Demographic characteristics such as sex, gestational age, firstborn, maternal age and parental educational levels were similar for participants and nonparticipants of the reference group (data not provided). Demographic characteristics of participants of the subfertile and reference groups are listed in Table I .
Cognitive and behavioural development
Two children of the subfertile group and one reference child had missing data on the K-ABC-II. Eventually, data of 290 children (subfertile group: 193, reference group: 97) were included in the analyses. Four children of the subfertile group had impaired total IQ scores, whereas none of the reference children had. The mean total IQ scores of the groups are listed in Table II . Three children of the subfertile group and two reference children had missing data on the CBCL questionnaire. Eventually, data of 288 children were included in the analyses. The majority of children in both groups had total problem T-scores within the normal range, except for six children of the subfertile group and four reference children. The mean total problem T-scores of the subfertile group and the reference group are listed in Table II .
Causal inference approach
The causal graph that presented the class of found models with the best model fit as a result of the causal effect search algorithms is represented in Figure II (X 2 = 84.7, df=72, P = 0.145, X 2 /df=1.176, BIC-score=-317.0). It indicates that the presence of subfertility did not have a direct or indirect effect on cognition. Similar results were found in resulting causal graphs from other searches (data not provided). The causal graph suggests that cognitive outcome was directly affected by two other factors: TTP and maternal smoking during pregnancy. A longer TTP was associated directly with a lower total IQ score. This effect was confounded by high maternal education through various causal paths: one path ran from maternal education via maternal and paternal age, via TTP to IQ, whereas another path ran from maternal education via smoking during pregnancy to IQ. The other direct effect on the child's total IQ score was the negative effect of maternal smoking during pregnancy, an effect that again was confounded by maternal education. Taking this complexity of the causal pathways into account and correcting for maternal education level, the direct, unconfounded effect of TTP on total IQ score is estimated to be -0.712 ( Figure II) .
The causal graph suggests that the presence of subfertility had a direct adverse effect on behavioural outcome ( Figure II) . As such, subfertility status acted as mediator on three different paths running from high maternal educational level on total problem T-score. These paths ran either via maternal age at child conception, or via TTP, or via a combination of maternal age and TTP, including an effect of paternal age at child conception ( Figure II) . It also indicates that maternal age directly affected behavioural outcome: a higher maternal age was associated with less behavioural problems in the child. Also in this path, maternal age mediated the effect of high maternal educational level. Subsequently, maternal age at conception and high maternal educational level are considered to be confounders for the effect of subfertility status on the total problem T-score. The unconfounded, direct effect of the presence of subfertility on the total problem T-score is estimated as follows: conditionally on maternal age at conception, high maternal educational level and/or TTP, the direct effect of subfertility status is estimated to be 3.003 for less optimal behaviour.
The causal graph also suggests a relationship between the two outcome parameters, cognition and behaviour: an increase in total IQ score with one point was associated with a decrease in total problem T-score with 0.120 points, indicating better behaviour in case of a more optimal cognitive development ( Figure II) . According to the causal implications, TTP has an indirect (mediated by subfertility status and total IQ score) effect on more problematic behaviour ( Figure II) .
DISCUSSION
The present study indicates that in 4-year-old singletons born to subfertile couples direct or indirect causal effects between ovarian hyperstimulation or the in vitro procedure on the one hand and cognitive and behavioural outcome on the other hand are absent. However, a direct causal relationship was found between the severity of subfertility (TTP) and cognition at age 4. Also, a direct negative causal relationship between the presence of subfertility and behaviour was found. Both effects were confounded by maternal age at child conception and maternal educational level. TTP had a direct negative effect on the child's cognitive outcome, whereas the presence of subfertility had a direct adverse effect on behaviour. Given the finding that cognition and behaviour are directly related to one another (with behaviour being influenced by cognition) our results suggest that the severity of subfertility has an indirect -through subfertility status as well as through IQ -effect on the child's behavioural scores, i.e. was associated with more behavioural problems.
Our findings strengthen the notion that aspects of subfertility rather than components of ART are involved in determining cognitive and behavioural outcome of children born after IVF/ICSI. Our statistical approach also revealed important confounders for these effects, especially maternal age and education. In turn, the effect of the presence of subfertility on behavioural outcome was confounded by TTP. Our results imply that suffering from subfertility per se -especially from more severe subfertility, which in turn is affected by a higher maternal age and higher educational level -negatively affects the child's cognitive and behavioural outcome.
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The fact that already known and generally expected mechanisms were also detected ( Figure II) , underlines the general robustness and validity of our results. Not only the causal graph with the best model fit of the GES search algorithm, but also other graphs resulting from the GES searches with a good model fit showed similar mechanisms concerning the abovementioned effects, indicating a certain consistency of the found relations between the variables. Similar effects regarding maternal age, maternal educational level and TTP on the outcomes were also found with the CPC search algorithm (model fit indices for the CPCresult with the best model fit: alpha value 0.15; model fit: X 2 = 72.1, df=68, P=0.344, X 2 /df= 1.060 and BIC-score=-307.3) The fact that similar mechanisms are revealed by two different algorithms in terms of search approach and data assumptions, underline the validity of found mechanisms. One might have expected to find direct effects of birthweight and gestational age on cognitive and behavioural outcome, however, our analyses did not result in such effects ( Figure II) . Birthweight is indeed associated with the child total problem Tscore via maternal age at conception, but this association disappeared after correction for 6 FIGURE II. Causal graph depicting the underlying causal mechanism as found in the subfertile (COH-IVF, MNC-IVF and Sub-NC groups pooled) and fertile reference group regarding presence and severity of subfertility and cognitive and behavioral development The causal graph representing the model with the best model fit of the causal inference search algorithms (GES search algorithm, penalty discount: 0.5; model fit: X 2 = 84.7, df=72, p=0.145, X 2 /df=1.176 and BIC-score=-317.0). Each arrow in the graphs is accompanied by two numbers, reflecting the size of the causal effect per unit change. The first number is the estimated regression weight and the second number between brackets is its corresponding standard error. A positive estimated regression weight in the graph means that higher values of the variable are associated with an increase in the value of the variable to which the arrow is pointing. Likewise, a negative estimated regression weight in the graph means that higher values of the variable are associated with a decrease in the value of the variable to which the arrow is pointing. TTP was recorded in half-years. High educational level indicates university education or vocational colleges. maternal age. This is in line with our expectations: our groups contain few preterm and low birthweight infants. Therefore, it seems more probable that our analyses resulted in effects of subfertility and maternal factors on developmental outcome, rather than in effects of birthweight and gestational age.
To our knowledge, this is the first study in the context of neurodevelopment in ART children using causal inference search algorithms combined with structural equation modelling. With that, this is the first study that is able to distinguish between direct and indirect causal effects and to detect and correctly adjust for confounders at the same time. Our findings contribute to the clarification of the current evidence on long-term cognitive and behavioural outcome of children born following ART; 86, 97, 104, [113] [114] [115] 126, 214 an evidence that still needs further proof. Our findings that the severity of subfertility plays a role in cognitive development is in line with Zhu et al., who reported that longer TTP may be associated with a delay in achieving certain milestones, in particular those involved in cognitive and language development. 97 However, in another study by Zhu et al. the authors were not able to demonstrate a subfertility effect on child behaviour. 213 To intelligibly answer our research questions, we performed two separate sets of explorative analyses: one to zoom in on effects of ART treatment, the other to focus on the effects of presence and severity of subfertility on developmental outcome. The first exploration can only be translated to its particular (smaller) subfertile population and its findings do not extend to the different population that was used for the second exploration. In the latter analysis a reference group was added, allowing for the in concert evaluation of the effect of the presence of subfertility and that of its severity.
The explorative analyses were restricted to a certain amount of variables which we have chosen a priori based on literature. Moreover, the search algorithms are particularly suitable for continuous values and less for categorical values. We have performed several analyses with the variables parity, the presence of siblings, nursery and bilingualism taken into account. These variables did not contribute to the model and would not have altered the interpretation of the models rather than unnecessarily complicate it. The same held true for the variable ICSI. We primarily aimed to explore the underlying causal relationships between ovarian hyperstimulation and the in vitro procedure and developmental outcome and we were not primarily interested in the effect of ICSI in addition to IVF.
Besides the additional value of the statistics applied, the present study has some other important strengths. Our study design enabled us to study the effects of separate components of assisted conception such as ovarian hyperstimulation, the in vitro procedure and subfertility-related aspects on the child's cognitive and behavioural outcome. Additional strengths of the ART cohort part of the study are the attrition rate of 9.3%, the blinding of assessors to the mode of conception and the prospective design.
It must be realized that the statistical tools used in our study are explorative in nature and especially serve as indications for new research hypotheses, meaning that our results need to be interpreted with appropriate caution. 217, 227 However, this caution is not restricted to search algorithms alone: applying sets of multivariable regression analyses is in fact also 100 explorative in nature. Due to the explorative nature of our analyses a post hoc power calculation is irrelevant. Previously group sizes of the Groningen ART cohort was based on neurological outcome at 18 months. 140 As a general rule for a structural equation model, ten or more observations for each variable may be considered reliable, a criterion that we have met.
A more general limitation of the study is the composition of the reference group which we recruited retrospectively. Consequently, we were not blinded to group status of the reference children. Parents who are concerned about their child's health in general are more likely to participate in developmental studies. However, this means that the associations reported in the present study may have been underestimated. The relatively low participation rate in the reference group may be an indicator for selection bias.
Another issue is that our results cannot be generalized to multiples. Being a member of a twin is associated with an increased risk for developmental problems, 179 and ART is known to be associated with multiple births.
To conclude, our study implies that suffering from subfertility per se, and especially from more severe subfertility -which by itself is affected by higher age and high educational level of the mother -negatively affects the child's cognitive and behavioural outcome. Longterm follow-up of development and growth of children born from subfertile couples, in particular when ART is applied, remains important, given the steadily increasing prevalence of subfertility in modern society.
